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Introduction
A tremendous research e!ect was devoted to the development of photovoltaic cells in the last decades. Besides the improvement of inorganic photovoltaic systems, a lot of e!ort has been put in the development of organic semiconductor devices, because the latter o!er the advantages of low cost and facile processing for large area production [1}3] . Especially the #exibility of chemical tailoring of desired properties, as well as the cheap technology already well developed for all kinds of plastic thin "lm applications promise potential for large scale photovoltaic device production based on polymers. The mechanical #exibility of plastic materials is welcome for all photovoltaic applications onto curved surfaces in indoor and outdoor applications.
Organic materials for use in photovoltaic devices require a good chemical stability and high optical absorption in the visible range with respect to the AM 1.5 spectrum. E$ciencies of the "rst polymeric solar cells, based on hole conducting conjugated polymers (mainly polyacetylene) were rather discouraging [4] . Encouraging breakthrough to higher e$ciencies was achieved by switching to di!erent classes of electron-donor-type conjugated polymers (polythiophenes (PT), polyphenylenevinylenes (PPV) and their derivatives) and by mixing them with suitable electron acceptors like fullerenes [5}9]. Prototypes of photovoltaic devices based on a polymeric donor/acceptor network showed scattered values for solar energy conversion e$ciencies of around 1}3% obtained under di!erent conditions [10}12] . Especially the photovoltaic properties and the photophysics of conjugated polymer/fullerene solid composites have been well investigated in the last years [13] .
Plastic solar cells consist of an electron donor and an electron acceptor material, which can be either arranged in a bilayer structure or in an interpenetrating network. As electrodes, a transparent gold or ITO "lm on glass or plastic substrate on one side and an evaporated Al or Ca layer on the other side are used. The device structure is shown in Fig. 1 .
Apart from the necessity for e$ciency improvement, stability is another problem for all the applications of conjugated polymers. Especially under the in#uence of light and by simultaneous exposure to oxygen, a rapid degradation occurs. Protection from air and humidity is absolutely necessary to achieve long lifetimes [14] .
In the development stage of plastic solar cells, where a number of di!erent compounds have to be characterized, a fast and reliable testing procedure for stability has to be applied. In this paper, we show controlled degradation experiments performed with the individual components and with the actual mixture as used in plastic solar cells [15] . The degradation is studied using attenuated total re#ection fourier transform infrared (ATR-FTIR) spectroscopy and by the determination of current/voltage characteristics (I}V measurements) of the devices.
Experimental
As electron donor, we used poly(2-methoxy-5-(3,7-dimethyloctyloxy)-1,4-phenylenevinylene) (MDMO-PPV), prepared as reported in the literature [16, 17] . Electron acceptor substances were (6,6)-phenyl C -butyric acid methyl ester (PCBM) [18] and C (MER Corp.). The structures of the substances is shown in Fig. 2 . For solar cell devices, a mixture of MDMO-PPV : C 1 : 3 was used. ATR-FTIR spectra were measured using a FTIR Spectrometer BRUKER IFS66S with a DTGS detector. Thin "lm samples were dropcasted from o-dichlorobenzene (ODCB) solution on the surface of a ZnSe ATR re#ection element and dried under vacuum. The substrates were mounted in an environmental cell, which allows the recording of ATR spectra simultaneously with the illumination of the sample by laser light in a de"ned atmosphere. FTIR spectra with a measurement time of 5 min were recorded consecutively during a period of about 8 h. For illumination, we used an argon ion laser (Coherent Innova 400) at 488 nm and an illumination of 30 mW/cm on the sample. The setup for ATR-FTIR measurements is shown in Fig. 3(a) .
Current/voltage curves were recorded with a Keithley SMU 2400 unit. During these measurements, the sample was illuminated using a white light source with 10 mW/cm. The setup for I}V measurements is shown in Fig. 3(b) .
Results and discussion

ATR-FTIR degradation studies
In order to get a fast characterization of the degradation processes, the individual components (MDMO-PPV and C ) as well as the 1 : 3 mixture as used in plastic solar cells, were studied under illumination in pure oxygen. ATR-FTIR spectra before and after a 8 h degradation process as well as di!erence spectra showing only the spectral changes during degradation, are presented in Fig. 4 for MDMO-PPV, C and the 1 : 3 mixture. The characterization of the degradation process was performed by analysis of the time dependence of the decay of speci"c absorption bands at 1506 cm\ (MDMO-PPV) and 1182 cm\ (C ) using spectral "tting techniques. The results are shown in Fig. 5 . For the individual components, the degradation in oxygen atmosphere occurs much faster for MDMO-PPV compared to C or PCBM (not shown in Figs. 4 and 5). For long-term applications, especially the stability of the polymeric electron donor in the mixture for solar cells has to be improved. As has been shown in a previous paper, the degradation of MDMO-PPV can be diminished to a very low degree by performing the stability test in argon atmosphere [14] .
However, in the mixture the degradation of MDMO-PPV is much slower compared to the pure polymer sample. The fast electron transfer from the polymer to C after excitation accompanied by the formation of positive charged polarons on the chain decreases strongly the reactivity of the polymer against oxygen, probably by quenching the triplet formation on the polymer and avoiding a triplet}triplet annihilation reaction with oxygen under formation of reactive singlet oxygen [19, 20] . As degradation products, carbonylic structures with characteristic absorption bands between 1600 and 1800 cm\ [21] can be seen (right column of Fig. 4) . Aromatic (absorption between 1600 and 1700 cm\) as well as aliphatic ketones (absorption above 1700 cm\) with additional weaker absorption around 1000}1200 cm\ occur [22] .
I}V degradation measurements
Photovoltaic devices were produced from a toluene solution containing MDMO-PPV : PCBM 1 : 3 by a doctor blade technique, giving homogeneous "lms with typical thickness between 100 and 200 nm under ambient conditions. After transferring the cells into an argon glove box, the I}V characteristics were monitored for several days. Continuous I}V sweeps between #2 and !2 V in the dark and under white light illumination with 10 mW/cm showed no signi"cant performance decrease. In order to test the performance under ambient conditions, the cells were removed from the glove box and characterized in oxygen environment by similar I}V studies. Fig. 6 shows the changes of the I}V characteristics of a cell during 12 h test run in oxygen. After 12 h the short-circuit current (I ) as well as the photocurrent under bias decreased by a factor of about three (Fig. 6(a) ). In addition, a similar decrease of the dark current was observed. The kinetics of the degradation are in#uenced by the sign of the applied voltage (Fig. 6(b) ). The observed faster photocurrent degradation for reverse bias (!2 V on the ITO electrode) may be due to the higher absolute value of the photocurrent under reverse bias compared to forward bias (#2V on the ITO electrode), "I (!2 V)"'"I (#2 V)", or to degradation processes under speci"c participation of the electrode materials (e.g. formation of insulating oxide layers). Under open-circuit conditions (with zero current #ow), the photovoltage is found to be almost constant. Increased internal device resistivity upon photodegradation may be suggested, because the degradation does not in#uence, < , but I . In Fig. 7 the long-term stability of protected plastic solar cells is monitored by < and I measurements. Cells have been produced under ambient room conditions and sealed after application of the top electrode. No actions were taken to remove the residual oxygen from the cells, which may be adsorbed on the surface during production. The shelf life time of these devices is more than 150 d. The initial decrease of < and I can be due to the residual oxygen built in during production in air.
Conclusion
In this paper we present a fast and reliable method for testing the stability and for characterizing the degradation processes of individual components and their mixtures used for plastic solar cells. The analysis of the degradation kinetics shows that the high degradation rate of the conjugated polymer under in#uence of light and oxygen is signi"cantly decreased when the polymer is mixed with fullerenes (as used in plastic solar cells). The stability of the conjugated polymer in a mixture, which forms a charge transfer donor and acceptor couple, is higher than the stability of single component devices, e.g. polymer light-emitting diodes, where the conjugated polymer was found to degrade within minutes under oxygen in#uence [23] . Also I}V curves con"rm the better stability of solar cell mixtures compared to LEDs with a single polymeric component. We conclude that the stabilization e!ect of C is due to the fast electron transfer which empties the highly reactive excited state of the polymer.
In our experiments, the combination of light and oxygen always leads to a decrease in photocurrent. No initial increase, as observed for organic small molecule photodiodes [24] , was found. Our results indicate an increase of the overall serial resistivity by degradation.
